The present paper reports a high-speed motor driven by fluid power. The torque produced by a flow supplied to the motor generates high-speed rotational motion. Bend channels of small diameter in the motor's rotor produce the torque. The fl ow in the bend channels generates a large change in angular momentum to produce the torque. The advantages of the highspeed motor are a simple structure and the absence of large frictional forces acting on the moving elements of the motor. These advantages allow the motor to be driven by not only air flow or oil flow, but also water flow. In the present paper, a mathematical model is first derived, and then two design procedures, a power-based design procedure and an efficiencybased design procedure, are presented. Finally, the characteristics of the motor designed using the power-based design procedure were measured experimentally and then compared to results obtained via simulation.
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INTRODUCTION
For a given body size, conventional hydraulic motors, such as vane motors, piston motors and gear motors, can generate higher torque than electric motors. However, designing hydraulic motors capable of rotating at more than 10,000 rpm is difficult. Generally, the rated rotational speed of hydraulic motors is approximately 3,000 rpm or less. High-speed hydraulic motors however are not unheard of, and a motor designed to have a maximum rotational speed of 40,000 rpm has been reported Ell. The energy supplied by a fluid flow to a turbine of the rotor generates the high-speed rotational motion. The spindle devices used by dentists are similar to the hydraulic turbine-driven highspeed motor. Spindles driven by air-turbine can achieve rotational speeds in excess of 300,000 rpm. Figure 1 Basic Structure of proposed motor bearings and a casing. Therefore, the structure of the devices is simple compared to that of conventional hydraulic motors. However, with the introduction of turbines to the rotors, the motors become rather complicated. Therefore, we propose a simple structure for a high-speed motor driven by fluid energy. The rotor of the motor proposed in the present study has a small number of holes inside the rotor which replace the turbine. Consequently, the proposed motor has an extremely simple structure. In addition, since no large frictional force acts on any of the moving parts of the motor, by selecting appropriate materials for the motor elements, the motor can be driven by not only oil or air flows but also water flow.
In the present paper, we first introduce the structure of the motor proposed herein and the principle of the motor operation. We then derive a mathematical model to establish two procedures for motor design. Experiments were conducted using a motor that was designed based on power-based design procedure, and the experimental results were compared to the theoretical results calculated using the mathematical model.
STRUCTURE
OF THE MOTOR Figure 1 illustrates the basic structure of the motor proposed in the present study. The working fluid, for example air, oil or water, is supplied to a supply port in the casing of the motor. The rotor of the motor is supported by appropriate bearings. In order to lead the working fluid into the rotor, relatively large channels are present in the middle of the rotor. The working fluid flows inside the rotor, because the main channel passes through the center of the rotor in the axial direction. As shown in Fig. 1 , at both ends of the rotor, small and bend channels called flow-out channels are located between the main channel at the center of the rotor and the outside of the rotor. These flow-out channels enable the flow to pass out from the inside of the rotor. A cross sectional diagram of the flow-out channels is shown in Fig. 2 . The direction of fluid flow changes significantly in the flow-out channels. Consequently, the the casing and the rotor should be determined in order to attain maximum performance of the motor.
Therefore, a mathematical model to establish design procedures is introduced in the following section.
MATHEMATICAL MODEL
In this section, a mathematical model to establish design procedures for the motor is derived. As described in the previous section, n flow-out channels are created in each cross section of the rotor. The flow rate in each channel is then expressed as q, and the angular velocity of the rotor is expressed as co. If the pressure at the outlet port of the casing is assumed to be zero, the output torque, T, generated by the fluid flow through the flow-out channels can be expressed as (1) where p is the density of the fluid. 
where 1,1 is the coefficient of viscosity of the fluid and Tfl and 7:f2 represent the negative torques acting on the rotor between the inlet port and the outlet ports and at the end of the rotor, respectively. The equation of motion of the motor can be expressed as (4) where I is the moment of inertia of the rotor and T1 is the load torque. By substituting Eqs. (1)- (3) into Eq. (4), the equation of motion becomes (5) If we consider the steady state of the motor, Eq. (5) becomes (6) where l=cR (0<c<1).
When the fluid flows into the motor, a pressure drop is produced primarily by the flow, in the flow-out channels, as shown in fig. 2 . Assuming that the flow channels from the inlet port to two outlet ports are designed symmetrically. Then, the supply pressure for the motor can be represented as (7) where A, is the friction factor of the flow-out channels and 1 and are the resistance coefficients121 for flow in bends and for flow in the sudden contraction at the flow-out channels. If we write The second term in Eq. (8) is neglected in the calculations for the design of the motor described in the following section, because this term is negligible compared to the other terms. The leakage flow in the gap between the casing and the rotor can be described as follows (12) Thus, the total flow rate is given by (13) DESIGN 
PROCEDURE
As shown in Eq. (6), we can control the torque of the motor by controlling the flow rate q in the flow-out channels. The diameter d of the flow-out channel, as well as the supply pressure p5, are the significant parameters in determining the flow rate q.
The gap sizes between the casing and the rotor, h and he, respectively, are also important parameters in controlling both leakage flow q j in the gap and negative torque, Tfl and Tp, due to the viscosity of the fluid in the gap. Since a large gap size makes Tfl and T; decrease, whereas q1 increases, an optimum gap size must exist. In addition, both the supply pressure'', and the total flow rate Q determine the power needed to operate a hydraulic pump that supplies working fluid for the motor.
Determination of the optimum parameters is essential in designing a motor to meet required specifications. Therefore, in this section, two design procedures to determine these parameters are developed. The first design procedure is based on motor efficiency. By selecting the motor power and the rated rotational speed, optimum gap sizes and the diameter of the flow-out channels, which give the maximum efficiency of the motor, can be determined. The second design procedure is based on motor power. By choosing the rated flow rate and the rated rotational speed, optimum parameters are derived so as to maximize the power of the motor. We can select either of these design procedures according to the design objective.
A flowchart of the design procedure based on motor efficiency is presented in Fig. 3 . The torque T1 to be 
The supply pressure ps and the leakage flow ql can be calculated using Eqs. (10) and (12) with the flow rate q. Then, the total flow rate is calculated using Eq. (13).
Substituting these results into Eq. (19), the motor efficiency for a given condition will be obtained. A flowchart of the design procedure based on motor power is presented in Fig. 4 . At the beginning of the calculation, rated flow rate Q and rated rotational speed N are specified, and the design parameters, d, h, he, n, L and R are then chosen.
Substituting Eq. (10) into Eq. (12), we can calculate the leakage flow using the flow rate q as follows: 28). (28) Using Eq. (28), the flow rate in the flow-out channel is obtained by specifing the rated flow rate Q, as well as other parameters. The torque T1 is obtained by substituting the flow rate q into Eq. (6). Optimum design parameters to maximize the power of the motor are introduced by the calculation results for various parameters, d, h, he, 11, L and R.
Examples of the results obtained using the design procedures are shown in Figs. 5 and 6. An example of the results for an efficiency-based design of the motor is shown in Fig. 5 , which illustrates the relationships between the efficiency and R and d. The influences of these parameters on the motor characteristics are significant. In addition, a calculation result of the design procedure based on the power of the motor is given in Fig. 6 . EXPERIMENTS EXPERIMENTAL SETUP In the present study, the characteristics of the motor which was designed using the motor power maximization design procedure were examined in experimental studies.
A schematic of the experimental setup is shown in Fig. 7 . A conventional hydraulic pump system was used to supply working oil to the motor. The motor torque was measured using a torque meter. A magnetic brake was attached to the rotational axis of the torque meter. The magnetic brake, which can generate loaded torque proportional to an input electric current, was used to apply loads to the motor. The measured signals from all sensors were sampled and recorded using a personal computer. Figure 8 shows the relationship between the torque Ti and the rotational speed N. We can observe that Figure 6 Example of power-based design the torque decreases in proportion to the increase in the rotational speed. A large electric current was applied to the magnetic brake so as to generate larger load torque than the maximum torque of the motor, and the characteristics of the motor torque were measured. Figure 9 shows the relationship between the torque and the supply pressure and the flow rate. In this case, the torque increases linearly with the supply pressure. In contrast, the torque increases in proportion to the square of the flow rate Q. These observed characteristics of the motor torque agree with trends derived from Eqs. (6) and (14). In addition, the relationships between the rotational speed N and the supply pressure ps and the fow rate Q are shown in Fig. 10 . Here, the influence of T1, on the motor characteristics need not be considered, since no electric current was applied to the magnetic brake during the experiments. In this case, the rotational speed increases linearly with the supply pressure ps and in proportion to the square of the flow rate q. Figure 11 shows the total efficiency of the motor. The efficiency is approximately 3% at maximum, which is much less than that of conventional hydraulic motors. The leakage flow in the gap between the casing and the rotor affects the efficiency of the motor. However, the leakage and flow rate, supply pressure fl ow accounts for only 5% of the total flow as calculated using the derived mathematical model. Thus, the leakage flow does not significantly reduce the efficiency. A large energy loss results from the fluid flow in the fl ow-out channels, which are of small diameter and contain bends and sudden contractions. The small diameter of the channels is essential in order to increase the angular momentum of the fluid. The bends are also necessary in order to generate the torque. The energy loss will, however, change depending on the geometry of the bend. Therefore, the efficiency can be improved by optimizing the geometry of the flow-out channels. In addition, the efficiency-based design procedure should be applied if the efficiency of the motor is of primary importance.
RESULTS
The lines in Fig. 8 show the torque obtained theoretically using the mathematical model. The theoretical results for the efficiency are also presented in Fig. 11 . The calculation results agree well with the experimental results. Based on these results, the derived mathematical model is valid and can be applied in the design of motors to various performance specifications. In the present paper, a high-speed motor driven by fluid fl ow of various types, such as water, oil or air, was proposed. In addition, a mathematical model of the motor was derived and two design procedures, a power-based design procedure and an efficiency-based design procedure, were presented based on the mathematical model. The characteristics of the motor designed based on the power-based design procedure were investigated experimentally. For an oil flow of 24l/min, the maximum motor rotational speed was found to reach 10,000rpm. In addition, the theoretical characteristics of the motor were obtained using the mathematical model and compared to the experimental results. The theoretical results agree with the experimental results, indicating that the design procedures based on the derived mathematical model can be applied to design motors to meet various performance specifications.
